Coupling between the stratosphere and the troposphere allows changes in stratospheric ozone abundances to affect tropospheric chemistry. Large-scale effects from such changes on chemically produced tropospheric aerosols have not been systematically examined in past studies. We use a composition-climate model to investigate potential past and future impacts of changes in stratospheric ozone depleting substances (ODS) on tropospheric oxidants and sulfate aerosols. In most experiments, we find significant responses in tropospheric photolysis and oxidants, with small but significant effects on methane radiative forcing. The response of sulfate aerosols is sizeable when examining the effect of increasing future nitrous oxide (N 2 O) emissions. We also find that without the regulation of chlorofluorocarbons (CFCs) through the Montreal Protocol, sulfate aerosols could have increased by 2050 by a comparable amount to the decreases predicted due to relatively stringent sulfur emissions controls. The individual historical radiative forcings of CFCs and N 2 O through their indirect effects on methane (−22.6 mW m −2 for CFCs and −6.7 mW m −2 for N 2 O) and sulfate aerosols (−3.0 mW m −2 for CFCs and +6.5 mW m −2 for N 2 O when considering the direct aerosol effect) discussed here are non-negligible when compared to known historical ODS forcing. Our results stress the importance of accounting for stratosphere-troposphere, gas-aerosol and composition-climate interactions when investigating the effects of changing emissions on atmospheric composition and climate.
Introduction
Stratospheric ozone (O 3 ) changes have been large over the past few decades mainly due to anthropogenic emissions of ozone depleting substances (ODS), and are expected to be large in the future due to the phase-out of ODS emissions and to climate change (e.g. Austin et al., 2010; Eyring et al., 2010) . Stratospheric ozone exerts direct radiative forcing on the Earth system (Forster et al., 2007) , while it also indirectly affects other climate aspects such as tropospheric circulation and precipitation (Son et al., 2008; Kang et al., 2011) . Furthermore, its changes can impact other radiatively important species, especially by affecting the tropospheric oxidizing capacity. The latter is largely determined by the abundances of hydroxyl radicals (OH), which depend on tropospheric ozone and nitrogen oxides (NO x ), humidity, abundances of species that consume OH (carbon monoxide (CO), methane and non-methane volatile organic compounds (NMVOCs)), and ultra-violet (UV) radiation (e.g. Thompson, 1992; Spivakovsky et al., 2000; Lelieveld et al., 2002; Voulgarakis et al., 2013) .
Changes in stratospheric ozone can affect tropospheric oxidants via stratosphere-troposphere exchange (STE) (Collins et al., 2003; Hegglin and Shepherd, 2009; Prather and Hsu, 2010; Zeng et al., 2010; Voulgarakis et al., 2011) , which enriches the troposphere with ozone, and by driving changes in the photolysis of tropospheric species (Madronich and Granier, 1992; Fuglestved et al., 1994; Krol and van Weele, 1997; Isaksen et al., 2005; Lamarque et al., 2010a; Tang et al., 2011) , which depends on UV radiation and, thus, the amount of overhead ozone (e.g. increased stratospheric ozone columns can lead to less tropospheric 4908 A. Voulgarakis et al.: Ozone-depleting substances, tropospheric oxidation and aerosols OH). Photolysis has a central role in driving the formation of OH (Madronich and Granier, 1992; Fuglestved et al., 1994; Thompson, 1992; Rohrer and Berresheim, 2006; Voulgarakis et al., 2009) , since it leads to the breakdown of ozone, ) and the excited oxygen atoms produced react with water vapor to produce OH:
Apart from cleansing the atmosphere from pollutants such as CO and NMVOCs, oxidation by OH also affects methane and sulfate aerosols, being the major sink of the former (Madronich and Granier, 1992; Voulgarakis et al., 2013 ) and a major chemical source of the latter via gaseous oxidation of sulfur dioxide (SO 2 ) Shindell et al., 2009 ). Thus, OH plays a significant indirect role in determining the radiative balance of the troposphere. Sulfate aerosols are also produced through SO 2 aqueous oxidation by hydrogen peroxide (H 2 O 2 ) , and the production/loss of the latter also heavily depends on photolysis (e.g. Lelieveld et al., 2002) . Sulfate aqueous-phase production is globally more efficient than the gas-phase process (via OH), but the former produces aerosols with shorter lifetime, due to the usual simultaneous presence of clouds. Although effects of stratospheric ozone changes on tropospheric oxidants have been studied in the past (see above), their possible indirect link with tropospheric aerosols and their radiative forcing has not been examined. Here, we systematically explore these links in a number of model experiments, considering both past and future ODS changes. We further investigate such stratosphere-troposphere interactions in a hypothetical future scenario where ODS have not been regulated by the Montreal Protocol. Past studies examining this topic did not investigate tropospheric effects (Morgenstern et al., 2008; Newman et al., 2009 ). In Sect. 2, we outline the main characteristics of the model used, and describe the model experiments performed. Section 3 presents and discusses the results of the experiments, while Sect. 4 outlines the conclusions of this study.
Model description and experimental set-up

Model description
We used a version of the GISS composition-climate model (Shindell et al., , 2013a , which is almost identical to the ModelE2 version developed for use in simulations in support of the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5). The benefit of using a composition climate-model as opposed to a chemistrytransport model (CTM) is that the radiative forcing of the perturbations applied can be diagnosed immediately, without the need of extra radiative transfer calculations. The model has a 2 • latitude by 2.5 • longitude horizontal resolution and 40 vertical layers from the surface to 0.1 hPa. Tropospheric/stratospheric chemistry includes 156 chemical reactions among 51 gas species. Photolysis rates are simulated using the Fast-J2 scheme (Wild et al., 2000; Bian and Prather, 2002) , which accounts for the effects of modelled overhead ozone, clouds, aerosols and surface reflections. Aerosol tracers include sulfate (Koch et al., , 2007 , nitrate (Bauer et al., 2007) , elemental and organic carbon, sea salt and dust (Miller et al., 2006) , while we also include aerosol indirect effects based on Menon et al. (2008 Menon et al. ( , 2010 . The model's sulfate aerosol scheme includes prognostic simulations of the mass distributions of dimethyl sulfide (DMS), methanesulfonic acid (MSA), SO 2 , and sulfate . The sulfate lifetime in the model is equal to 3 days.
The model's skill in capturing tropospheric oxidants and sulfate has been evaluated in past studies and shown to be realistic Shindell et al., 2006) . A recent model evaluation, in which a very similar version of the model was used (Shindell et al., 2013a) , showed that the model has improved significantly compared to its previous version when it comes to ozone seasonality in the stratosphere. However, the Antarctic ozone hole extends more equatorward than seen in the observations, and it lasts somewhat too long. Still, the total ozone biases in middle and low latitudes, which are of particular interest in this study (due to the abundance of oxidants and aerosols in these regions), are small, and typically less than 5 %. In addition, the model's aerosol performance has thoroughly been evaluated against surface and satellite observations as part of the Atmospheric Chemistry and Climate Modeling Intercomparison Project (ACCMIP; Shindell et al., 2013b) . The model's performance was fairly satisfactory, with biases against AeroNet measurements being among the lowest in the multi-model set, particularly over Europe and North America. This is important, as these regions are key for the responses we are examining. Performance was less good e.g. over North Africa (overestimates) and over southern midlatitude regions (underestimates), however such regions are less crucial for the current analysis, as sulfate aerosols are not abundant in them.
The global tropospheric mean mass-weighted OH concentration is 9.9 × 10 5 molecules cm −3 , which is in good agreement with past estimates (Lawrence et al. (2001) found a range of 8.8-11.4 × 10 5 molecules cm −3 ). Furthermore, it has been shown (Voulgarakis et al., 2013) that the model's tropospheric chemical methane lifetime (10.6 yr) agrees very well with a recent observationally constrained estimate (11.2 ± 1.3 yr; Prather et al., 2012) . The above indicate that tropospheric oxidising capacity is simulated reasonably in the model. The model's sulfate has been found to be more sensitive to OH changes than several other models (Fry et al., 2012) , though these other models did not include liquid tracer budgets (i.e. gas phase and dissolved tracers are not tracked separately), which may mean that they are missing some of the physics that are included in the GISS simulations, though differences in sulfate chemistry could be important as well.
Experimental set-up
In the experiments presented here, present-day anthropogenic and biomass burning emissions of NO x , CO, NMVOCs and aerosols follow Lamarque et al. (2010b) , which were created in support of the Coupled Model Intercomparison Project Phase 5 (CMIP5). Lightning NO x emissions depend on the model's convection (Price et al., 1997 ; annual present-day mean: 6.9 Tg N yr −1 ), while isoprene emissions respond to temperature and solar radiation based on the algorithm of Guenther et al. (2006) (annual present-day mean: 467 Tg yr −1 ). Natural (nonagriculture) emissions of NO x from soils are prescribed at fixed values (2.7 Tg N yr −1 , as in Shindell et al., 2013a;  total soil emissions including the agricultural source are equal to 3.4 Tg N yr −1 ), as are biogenic emissions of alkenes (16 Tg C yr −1 ), paraffins (14 Tg C yr −1 ), and terpenes (192 Tg yr −1 ). The concentrations of long-lived gases, such as CO 2 , methane, N 2 O and CFCs, are prescribed at the surface to observed present-day values. When perturbed in our experiments (CFCs, N 2 O; see next paragraph), they either follow past observations, or future projections according to the Representative Concentration Pathway (RCP; van . The RCP projections for N 2 O and CFC concentrations are based on calculations with the reducedcomplexity coupled carbon cycle climate model MAGICC 6.3 to estimate mixing ratios that would result from the RCP emissions .
We performed six main simulations (see Table 1 ), in all of which climatic conditions were kept to present-day levels: (a) BASE, which represents non-perturbed present-day (2000) conditions; (b) 1960CFCs, in which CFCs are set to 1960 levels; (c) 2100CFCs, in which CFCs are set to 2100 levels following the RCP8.5 scenario; (d) WACFCs, in which CFCs are set to 2050 levels following a "world avoided" scenario, where CFCs are not regulated by the Montreal Protocol (Newman et al., 2009) ; (e) 1850N2O, in which N 2 O is set to 1850 levels; and (f) 2100N2O, in which N 2 O is set to 2100 levels (following RCP8.5). Non-ODS emissions/concentrations and sea-surface temperatures (SSTs) are representative of present-day in all experiments in order to isolate the ODS effects alone. Note that allowing ODSs to affect SSTs could have a significant impact on the results, since both CFCs and N 2 O are important climate forcers. In addition to the above six experiments, we also performed a present-day simulation with 2050 RCP4.5 aerosol emissions, for comparison. In each experiment, we ran the model using the same conditions for 7 yr and then averaged in order to increase the signal-to-noise ratio. Two years of spin-up were performed in advance, which we confirmed were enough for the stratospheric concentrations to fully adjust to the perturbations applied at the surface. 3 Results and discussion Figure 1 shows the annual zonal mean photolysis rate of ozone to yield a singlet oxygen atom (J(O 1 D); see Reaction R1), as well as its changes in the various sensitivity experiments. J(O 1 D) is largest in the tropics, where solar zenith angles and overhead ozone columns are smallest. We find that all the perturbations applied to ODS have sizeable effects on tropospheric photolysis (Fig. 1 ). The changes in J(O 1 D) are largest over polar regions, where stratospheric processes depleting ozone are more effective, and thus UV changes affecting tropospheric photolysis are also large. However, even in non-polar regions, such as northern midlatitudes, there are sizeable changes (mostly larger than 5 %), which can have important impacts on tropospheric chemistry. The effects are dramatic in the WACFCs experiment, where midlatitude J(O 1 D) increases by more than 120 %. Figure 2 shows differences in total ozone column, surface J(O 1 D), surface OH and surface sulfate concentrations, between the WACFCs and the BASE simulation, for the northern extratropics, the region where sulfate is most important for climate and air quality. Total ozone for 2050 is lower by 50-60 % due to the lack of regulation in CFCs in this scenario, in fairly good agreement with previous work (Newman et al., 2009) . This leads to ubiquitous surface J(O 1 D) increases of more than 150 % in the northern extratropics, which, in turn leads to OH increases of 40-80 %. The highest OH increases are located in the regions with the largest total ozone and J(O 1 D) changes combined with high OH recycling efficiencies due to high amounts of NO x (Eastern US, Western Europe, East Asia) (Lelieveld et al., 2002) .
We find subsequent large increases of sulfate aerosol concentrations throughout the northern extratropics (Fig. 2d ). Differences range from 20 to 50 % in highly populated midlatitude regions where aerosols cause serious human health damage. The increases are around 30-35 % over the northernmost states of the US, over 40 % over the British Isles, and 15-30 % over East Asia. Increases in sulfate aerosols are correlated in several cases to the enhancement of the tropospheric oxidizing capacity, as reflected by OH (e.g. over Pacific and Atlantic pollution outflow regions), which leads to more SO 2 oxidised to sulfate. Figure 3 shows the zonal mean differences in concentration and chemical gas-phase production rate of sulfate, between WACFCs and BASE. It is clear that areas with large chemical production changes are also areas with high concentration changes, the "hot-spot" being the northern midlatitudes at low altitudes. This finding is in qualitative agreement with an earlier study on a related topic (Toumi et al., 1994) . Note that changes in H 2 O 2 and aqueous-phase production of sulfate are also detectable in our perturbation experiments, especially in WACFCs, where global mean H 2 O 2 changes by around 38 %, while global mean sulfate aerosol production via H 2 O 2 changes by 11 % (compared to 28 % for gasphase), relative to BASE. However, as mentioned earlier, the gas-phase production changes (via OH) are expected to be more important due to the longer lifetime of the sulfate produced via gaseous processes. Table 2 summarizes the effects of the perturbations applied in the different experiments on tropospheric OH and surface sulfate concentration, as well as on radiative forcing by methane and sulfate. Note that sulfate radiative forcing calculations only take the direct aerosol effect into account. We focus on global effects, and on effects in northern midlatitudes, where sulfate is important, both for air quality and climate. The OH differences are significant in all the experiments, with the WACFCs scenario showing clearly the largest effects (more than an order of magnitude larger than in other simulations), consistent with photolysis changes (Fig. 1) . Global methane radiative forcing strongly decreases in WACFCs (by ∼ 0.5 W m −2 ) due to tropospheric OH increases, while there are also significant changes in the other experiments (6-23 mW m −2 ).
For sulfate, in terms of both concentration and forcing, the two cases for which we find the most sizeable relative changes are WACFCs and 2100N2O. In the former, the differences range from around 12 to 20 %, while in the latter, they are around 1.7-2.5 %. Regionally, concentration Table 2. differences can be as large as 50 % in WACFCs and 15 % in 2100N2O, and forcing differences reach 35 % in WACFCs and 13 % in 2100N2O (see Fig. 2d and Fig. 4) , with a fairly good correspondence of high response regions in the two scenarios (e.g. north Atlantic, East Asia, northwestern Pacific). Areas affected heavily include East Asia, parts of Europe and parts of Northeastern America and the North Atlantic. Note though that for 2100N2O, the radiative forcing differences (Fig. 4a) are only significant where the signal is relatively strong (e.g. East Asia). An unexpected feature is that for the 1850N2O simulation, sulfate is higher than in BASE (see Table 2 ), despite the fact that there is less OH in the atmosphere. However, this effect is rather small and is likely related to meteorological feedbacks resulting from atmospheric forcing, or to unforced variability.
In an additional experiment where sulfur emissions were set to 2050 values following the RCP4.5 scenario (in which SO 2 emissions decrease by more than 50 %) but ODSs were kept to present-day levels, we found global surface sulfate aerosol concentration reductions of 24 %. This indicates that the indirect effect of ODS on aerosols discussed here (17 % globally) could have cancelled out part of the benefit gained from aerosol emissions reductions, had the Montreal Protocol not been implemented. Another interesting feature is that several of the changes that we document here would likely cancel out, at least partially, in a future scenario including both CFC and N 2 O changes (compare 2100CFCs and 2100N2O columns in Table 2 ). However, in such a case the dominant driver of future changes would be expected to be the large sulfur emission decreases in scenarios such as RCP8.5. Note that total sulfate burden changes depend on the current relative amount of SO 2 removed by deposition versus conversion to sulfate, thus it would be useful to test the variation of this balance across different models in future work (in our model, the SO 2 deposited globally is about double the amount that is chemically converted). The indirect radiative forcing of ODSs through the processes presented here has not been discussed in previous studies (Forster et al., 2007) . We compared these effects to the magnitude of previously estimated direct historical ODS forcing, as well as to indirect forcing through other processes. Our calculated global methane radiative forcing due to past CFC changes is equal to about 7 % of the direct preindustrial (PI) to present-day (PD) forcing from CFCs (0.32 W m −2 ), and to 65 % of their indirect effect through stratospheric ozone radiative forcing (−0.04 W m −2 ), based on Forster et al. (2007) . For sulfate radiative forcing, the +22.6 ± 1.0 +20.4 ± 1.5 −515.1 ± 1.4 +6.7 ± 1.1 −16.2 ± 1.0
+3.0 ± 1.6 +6.0 ± 2.2 −83.9 ± 1.7 −6.5 ± 1.6 −12.1 ± 2.6 NM Sulfate RF (mW m −2 ) −3.7 ± 2.8 +2.6 ± 6.5 −157.2 ± 4.1 −17.4 ± 6.0 −18.3 ± 7.3 a Seven years from each simulation were averaged in order to increase the signal-to-noise ratio. The uncertainties are ±1σ standard deviations of the mean, based on the fluctuations among the different years in each simulation. CFCs and N 2 O concentrations for 2100 follow the RCP8.5 scenario. b GL = global; NM = northern midlatitudes (20-60 • N). c Mean tropospheric OH concentrations used for calculating the differences are mass-weighted, while mean surface sulfate concentrations and mean sulfate radiative forcings are area-weighted. d We infer approximate global methane changes offline to calculate methane radiative forcing changes presented in Table 2 . Global methane is calculated from global OH changes assuming a liner relationship between OH and methane chemical loss, and an additional chemical feedback (δln(OH)/δln(CH4) = −0.32; Prather et al., 2001) . Methane radiative forcing was calculated following the standard formulations used in the IPCC Third Assessment Report (TAR; Prather et al., 2001 ). e Sulfate direct instantaneous radiative forcing is calculated online as average over time during the simulations, with radiative transfer calculations performed twice at each point in time with the only difference in the two calculations being the sulfate field.
CFC effects here are smaller and less significant (1 % of the direct CFC forcing and 8 % of the their indirect forcing through stratospheric ozone changes). The historical indirect effects of N 2 O on radiative forcing through methane and sulfate (roughly equal) are equal to around 5 % of its direct PI-PD forcing (0.15 W m −2 ) and to 70 % of its indirect effects through stratospheric ozone changes (−0.01 W m −2 ). The effects of future N 2 O changes on radiative forcing in our experiments are 2-3 times larger than the historical effects (due to the larger increases in 2000-2100 compared to , while the future effects of CFCs are also equal or larger to the historical. Changes in stratospheric ozone can impact tropospheric oxidation via STE, and this effect is expected to be opposite of the photolysis effect. Less ozone in the stratosphere can lead to less ozone transported to the troposphere and, thus, less OH produced by ozone photolysis. However, the effect of UV changes on photolysis appears to be dominating the OH responses that we find in the troposphere. There is even one case (WACFCs, Southern Hemisphere) in which ozone depletion in the stratosphere is followed by ozone increases in the troposphere. However, this is driven by large increases of tropical/southern sub-tropical stratospheric NO x subsequently transported into the Southern Hemisphere troposphere (also see Fig. 1d for effect of this feature on photolysis). It remains unclear whether this feature is realistic, as stratosphere-troposphere chemical interactions in a "worldavoided" scenario have not been examined in other studies. Note that we find that tropospheric temperature and humidity changes are very minimal (< 1 %) in all the experiments (which is expected since we have fixed SSTs/sea ice to present-day values), so we rule out the possibility that climate changes induced by differences in CFCs and stratospheric ozone drive any of the changes simulated.
Our experiments presented here are idealised, since a scenario in which only ODS will change, while other aspects of the climate system remain constant is not realistic. Nevertheless, by isolating the ODS effect, we provide insight into particular processes which can be important. For the two scenarios in which we found the most sizeable differences (WACFCs and 2100N2O), changing future emissions of gases that affect tropospheric oxidation chemistry and climate change would be expected to add to the effects of ODS on aerosols. In particular, studies have found that continental regions, where sulfate aerosols are of high importance, will likely experience increases in OH abundances due to increases in NO x emissions (e.g. SRES A1B and A2 scenarios; see Nakićenović et al., 2000) , while the global temperature and humidity increases expected due to global warming may lead to generally more OH production in the troposphere (Wild and Palmer, 2008) . This, in addition to the oxidant increases due to ODS effects found here, could lead to even larger sulfate responses in WACFCs and 2100N2O. Note though, that when more optimistic scenarios are used for future NO x emissions (such as in the RCP scenarios; van Vuuren et al., 2011), there is a mixture of positive and negative OH responses over industrialised regions, with large inter-model variability (Voulgarakis et al., 2013) . Furthermore, both sulfur and NO x emissions may shift closer to the tropics in the future, which implies that some of the effects at lower latitudes may be more important than we find here.
Projected increases in tropical upwelling could lead to further lower stratospheric ozone decreases at low latitudes (Eyring et al., 2010) , which would, again, add to the UV, oxidant and sulfate aerosol responses. Also, projected changes in atmospheric circulation may drive increased transport of ozone from the stratosphere to the troposphere (Collins et al., 2003; Shindell et al., 2006) , increasing tropospheric OH production. However, in a scenario like 2100N2O, if we account for the simultaneous decline in CFCs, part of the tropospheric effects will be cancelled out. Finally, note that in the calculations of OH and sulfate responses, feedbacks on OH through changes in methane have not been taken into account, since methane concentrations were kept constant. Had these feedbacks been included, all responses presented here would have been stronger. For example, only due to the induced methane decreases in WACFCs, global OH would have dropped by 36 %.
Conclusions
We performed model experiments to investigate the role of ozone depleting substances in driving changes in tropospheric oxidants, aerosols and radiative forcing. These links have not been examined in previous studies investigating the effects of ODS or the evolution of tropospheric aerosols. Our results indicate that changes in ODS and stratospheric ozone can induce large-scale changes in tropospheric composition, with a non-negligible effect on radiative forcing. Indirect historical forcings of CFCs and N 2 O through their effects on tropospheric methane and sulfate range from 8 % to 70 % (depending on the species) of the known corresponding indirect forcings through stratospheric ozone depletion. Special attention is needed regarding N 2 O effects beyond 2100, since its emissions are expected to be the dominant driver of future stratospheric ozone depletion (Ravishankara et al., 2009 ). However, we also note that the future effects of N 2 O and CFCs are of opposite signs and may thus partly cancel out.
Our analysis also suggests that CFCs emissions reductions resulting from the Montreal Protocol may be translating to tropospheric composition and climate changes that have not been discussed in assessments exploring the "sideeffects" of the agreement (Velders et al., 2007) . We suggest that the Montreal Protocol may have been a factor mediating sulfate aerosol concentrations, especially when considering effects later in the 21st century. Finally, our results imply that accounting for stratosphere-troposphere, gas-aerosol and composition-climate interactions (not fully considered here) is important when assessing the impact of regulations in emissions. Earth system models, which are designed to include all the above-mentioned interactions, are expected to facilitate such efforts in the future.
